Abstract. We show (in conÞrmation of previous work) using one-and three-dimensional models that extratropical zonal wind anomalies, produced by ßuctuating Rossby wave forcing in the troposphere, appear Þrst in the stratosphere, and migrate downward into the troposphere. By systematically eliminating wave reßection and "downward control" through an induced meridional circulation, it is shown that the downward migration is dependent on neither process. Rather, the mechanism appears to rely on the local wave, mean-ßow interaction just as in the similar downward migration evident in the tropical quasi-biennial oscillation. In particular, these results imply that the similar downward migration observed in the Arctic Oscillation should not be taken to indicate any controlling inßuence of the stratosphere on the troposphere.
Introduction
The Arctic Oscillation (AO) has been shown to have a clear signal through the stratosphere in winter, as an intensiÞcation or weakening of the polar vortex [Thompson and Wallace, 1998, 2000; Dunkerton, 1999, 2001] . The anomalous zonal mean winds appear Þrst in the upper stratosphere, and then migrate all the way down to the troposphere, an observation that has been interpreted as indicating possible stratospheric inßuence over the tropospheric AO Dunkerton, 1999, 2001; Kuroda and Kodera, 1999; Shindell et al., 1999] .
In fact, it has long been recognized that the rapid appearance of easterly wind anomalies in the stratosphere, of the kind seen to be associated with the AO and which in their most intense manifestations take the form of "major warmings", follow, and are produced by, anomalously large ßuxes of wave activity from the troposphere. Indeed, since the classic study by Matsuno [1971] of the dynamics of major warmings, downward migrating stratospheric easterlies have been seen as symptomatic of the stratospheric response to tropospheric forcing, rather than vice-versa. Therefore it 1 Dept. of Earth and Atmospheric Science, York Unversity, Toronto, ON, Canada. is not clear to what extent, if at all, the observed downward migration of AO zonal wind anomalies can be interpreted in terms of downward inßuence.
Another, well known, stratospheric phenomenon exhibiting such downward migration is the equatorial quasi-biennial oscillation (QBO), which is understood to be driven by upward-propagating internal gravity or equatorial waves (for a recent wide-ranging review of the QBO, see ). In a simple nonrotating, one-dimensional model of the QBO, in which the vertical wavelength of the forcing waves is assumed to be sufficiently small for a WKB assumption to be valid, it can be argued [Plumb, 1977] that no downward inßuence is possible. The mean ßow response in a nonrotating system is purely local, in the sense that the induced acceleration of the mean ßow is spatially coincident with the convergence of the wave's momentum ßux. In the WKB limit there is no wave reßection, and so propagation of information via the waves is exclusively upward and thus the wave-induced acceleration of the mean ßow is dependent only on conditions at and below the level of interest. In this simplest system, wind regimes must migrate downward, towards the wave source, but the arrow of inßuence is uniquely upward.
While there are some similarities between the equa-torial QBO problem and that of the interaction between upward-propagting Rossby waves and the mean ßow in the extratropical stratosphere, there are two key differences. First, extratropical Rossby waves have large vertical wavelengths (comparable with the depth of the stratosphere), which makes them susceptible to internal reßection. Indeed, such reßections have been documented in the southern hemisphere [Harnik and Lindzen, 2001] . Second, because of the effects of planetary rotation, the response of the mean ßow itself is nonlocal: a localized rearrangement of potential vorticity (PV) by the waves will be felt, through the agency of an induced meridional circulation, throughout the region within a vertical distance D of the rearrangement, where D ∼ fL/N, with f , L, and N being respectively the Coriolis parameter, the latitudinal scale of the PV anomaly, and the buoyancy frequency. The induced meridional circulation will be biased downward (exclusively so, in steady state), a fact that has been referred to as "downward control" [Haynes et al., 1991] . Inversion of observed PV anomalies [Hartley et al., 1998; Black, 2002] has revealed a potentially signiÞcant induced signal in the troposphere. It is of some interest, therefore, to ask how much "downward inßuence" is at work in the low-frequency variability of the Rossby wave, mean ßow, interaction of the extratropical stratosphere. We will not try to address all aspects of this issue here, but ask: can extratropical zonal wind regimes which, like those seen as a component of the AO, migrate from upper stratosphere downward to the troposphere, be produced in simple models in which the stratosphere is unequivocally responding to the troposphere, rather than vice-versa? If so (and it will be shown that they can, both in one-and three-dimensional models) then the observations of such downward migration in the observations is consistent with the AO being a tropospherically produced phenomenon and does not constitute evidence of any stratopheric inßuence on the tropospheric behavior. Moreover, we show that neither internal wave reßection nor "downward control" via an induced meridional circulation play a signiÞcant role in the downward migration: rather, the migration seems to arise from the local wave, mean-ßow interaction mechanism, much as in the QBO.
Forced oscillations in the Holton-Mass model
The simplest model of the interaction between upwardpropagating Rossby waves and the stratospheric zonal ßow is the one-dimensional model of Holton and Mass [1976] . In fact, the actual calculation used here is a slight variant of the Holton-Mass model, discussed in Plumb [1989] , to which the reader is referred for details. In outline, the model is a quasigeostrophic represention of a mean zonal ßow
and a single Rossby wave whose geopotential height and PV perturbations are
in a β-channel bounded on y = 0, L. Wave and mean ßow departures from a speciÞed "radiative equilibrium" state are damped by Newtonian cooling with rate coefficient α(z), which increases linearly from (25d) −1 at and below 10 km altitude to (5 d)
−1 at and above 50 km. The geopotential amplitude Φ(0, t) is speciÞed at the lower boundary.
The calculation proceeds as follows. The predicted variables are q and Q y , the mean PV gradient, which is related to U through
The mean ßow responds to the Rossby wave through the latter's ßux of PV, and the wave responds to the changing mean ßow. All spectral components are truncated to the single mode sin (πy/L) in the y-direction. The equations for wave and mean state are
and
where g is gravity, U e is the zonal wind in radiative equilibrium, and γ = 8/ (3π) expresses the mapping of sin 2 πy/L onto sin πy/L. Completing each time step involves inverting the mean PV gradient, using (1), to determine U (z, t).
It is now well known, following Holton and Mass [1976] , that such models may exhibit spontaneous vacillations, even when Φ(0, t) = Φ 0 is constant, for sufficient large amplitude. With our choice of parameters, however, vacillations do not occur at any reasonable value of Φ 0 ; the model always equilibrates to steady state. This fact gives us conÞdence in ascribing the time-dependence of the response to that of the external forcing itself, and not to any internal ßuctuations.
The model is forced at the lower boundary with the amplitude-modulated cycle
here the period T of the modulation is 200 days. Not surprisingly, even in the equilibrated state, the model response is periodic. As shown in Fig. 1 riodic response comprises occasional strong ampliÞca-tion of the wave, followed by reversal of the zonal wind and subsequent wave collapse, at altitudes above the stratopause. The behavior is, in fact, very much like that of Holton and Mass [1976] and others, despite the fact that, in this case, the vacillation is clearly externally forced, rather than being internal. Fig. 1 gives the impression that the anomalies descend with time through the model domain from the upper mesosphere. This is seen more clearly in from the mesosphere to near the tropopause. At high altitudes, maximum wave amplitude and rapid development of easterlies occur a about day 65, 35 days prior to maximum forcing amplitude at the lower boundary. Subsequently, the wave shuts down at high altitudes as anomalous easterlies develop below.
Interpretation of the origins of the zonal wind oscillation throughout the depth of the model, as a direct response to the modulation of the lower boundary condition, seems clear in this case. The origins of the downward migration of wind anomalies may not be so clear. In particular, is this migration indicative of a downward transfer of information that might make the behavior at lower altitudes sensitive to conditions above? As discussed in the Introduction, two processes that might be responsible for downward inßuence in this situtation are wave reßection and downward penetration of the meridional circulation. We have investigated the Þrst in the context of these experiments by replacing the calculation of the wave's vertical structure by an instantaneously steady state, WKB solution in which, amongst other things, wave reßections are neglected. Results of so doing, for the experiment of Fig. 1 , are shown in Fig. 3 . Although some differences are apparent, the downward migration of the zonal wind anomalies is still present, and in fact is accentuated by the WKB calculation: the wave amplication, and the consequent easterly acceleration, occur earlier in the modulation cycle at high altitudes than in Fig. 1 , while the timing at lower altitudes is essentially unchanged. Therefore, wave reßection is not responsible for the downward migration. An alternative possibility for downward inßuence arises through the vertical non-localness of the PV inversion operator in (1). This effect was supressed, artiÞcially, by replacing (1) with
to make the inversion vertically local (by making the dynamics of the mean ßow, but not of the wave, barotropic). This, alone, has the drawback that it eliminates the coupling between mean wind and temperature Þelds, and thus removes the thermal relaxation toward equilibrium that is an essential part of the system's dynamics. To remedy this, a Rayleigh friction was added to relax the mean ßow back toward the equilibrium wind distribution U e (z), with a rate coefficient that varied from 1/(200) day −1 at the ground to 1/2 day −1 above 60 km. The problem for the mean ßow is thus local in z, except for a small viscosity that was added to prevent noisiness in the vertical. (Results were found to be insensitive to its value.) Unlike the base case of Fig. 1 , this case does exhibit internal variability (in response to a constant forcing) at the forcing amplitude used above, and we used Φ 0 = 30m here. Results from this "local" calculation are shown in Fig. 4 . The characteristics of the response differ in many ways from those of the original calculation. Descending easterlies appear at high altitudes earlier in the cycle, in fact almost immediately the wave ampliÞcation begins at the lower boundary (at day [2n + 1] × 100); nevertheless, the easterly wind regimes once again migrate downward, much as in the Þrst case.
3D model results
In order to show that these results are not a consequence of the simpliÞed nature of the model used, as well as to investigate latitudinal as well as vertical migration of zonal jets, we performed similar calculations in a three-dimensional stratospheric model. The model is based on the spherical harmonic decomposition of the primitive equations in pressure coordinates. The domain extends from the surface to 65 km with 40 levels spaced uniformly in log-pressure. The spectral truncation is trapezoidal with 42 meridional modes and Þve zonal modes. The diabatic heating is approxi- mated by Newtonian relaxation with a radiative damping rate having the same height-dependence as that in the β-channel model. A zonal jet is produced via a prescribed time-independent radiative equilibrium temperature. The vertical proÞle of the radiative equilibrium zonal jet is similar to that in the 1-D case, and it peaks near 60 • N. The geopotential height is speciÞed at the surface to be
where λ and φ represent latitude and longitude (in degrees). Because of the latitudinal spreading of the wave away from the source latitudes and consequent dilution of wave activity, response to a given forcing is weaker than in the 1-D case. Therefore the forcing amplitude was increased in the 3-D model, to Φ 0 (t) = 120m; the time dependence is the same as in the channel model. The model was run for 1000 days. The time-height behavior of this model is qualitatively similar to the 1-D case, as illustrated in Fig. 5 . The timng of the mean ßow response is similar to that shown in Fig. 2 (note the different vertical scale on Fig. 5) , with anomalous easterlies appearing at 50 km about 25 days prior to maximum forcing forcing amplitude at the lower boundary, and about 20 later at lower altitudes.
Meridional cross-sections of anomalous zonal wind and EP ßux are shown in Fig. 6 , at four phases of the 200 day cycle. Successive easterly and westerly wind regimes Þrst appear in the low latitude upper stratosphere, before migrating downward and poleward, in a manner qualtitatively similar to that described by Kuroda and Kodera [1999] from composites of stratospheric data. The anomalous EP ßuxes also show similar behavior to the observations, in particular anomalously large upward and equatorward ßuxes during and just prior to maximum easterlies. Thus, at this more detailed level, results suggest that the observed behavior is consistent with the stratospheric responding passively simply to ßuctuations of wave activity in the troposphere.
Conclusions
In the one-dimensional model, we have found that the downward migration through the stratosphere of extratropical wind anomalies is not dependent on "downward control" via induced meridional circulations, nor on downward reßection of upward-propagating waves. Rather, the mechanism of downward propagation is determined by the purely local interaction between the upward-propagating wave and the zonal mean ßow. Un- der increasing wave forcing, anomalies easterlies Þrst appear at high altitudes. This causes a subsequent collapse of the wave amplitude at those altitudes, but deceleration of the mean ßow continues lower down, and thus the locus of maximum easterly acceleration migrates downward. As such, the mechanism for downward migration of the wind structures is entirely analogous to that found in simple models of the QBO. Under this scenario, the downward migration cannot be interpreted as indicative of any downward inßuence. This has been conÞrmed explicitly in calculations with the 1D model, in which changes (such as severely damping the zonal ßow ßuctuations) made above some level were found to have no impact on the evolution of the ßow at lower altitudes. As an example, the calculation of Fig. 1 was repeated with the mean PV gradient Q y held Þxed, after day 50, with its value at day 50 at all altitudes above z 0 , thus removing the low frequency variability in Q y above z 0 . Results for z 0 = 25km are shown in Fig. 7 . While there is some modest impact on Fig. 1 , but with the mean PV gradient Q y held Þxed after day 50 (at its day 50 value) above z 0 = 25km. the evolving mean ßow within a scale height or so below z 0 , but nevertheless the oscillation at lower altitudes is almost unchanged from the case of Fig. 1 .
We have not discussed here the internal vacillations that stratospheric models, especially 1D models, have long been known to exhibit in the presence of constant forcing, provided the wave amplitude exceeds some threshold value. These vacillations also display downward migration, and for the same reason as the externally forced oscillations discussed here. In fact, we have found in controlled experiments similar to that shown in Fig. 7 that, just as for the externally forced oscillations, evolution of the vacillation at low altitudes is very insensitive to behavior more than a scale height or so above. The only exception we have found to this statement is that if the imposed wave amplitude at the lower boundary of the model is very close to the threshold value for internal vacillations, in which case changes at high altitude can have a signiÞcant impact throughout the model by eliminating the vacillations altogether.
All in all, results from the various 1D model experiments and from the 3D model explicitly conÞrm that downward migration of zonal wind anomalies through the stratosphere and into the troposphere occurs in situations for which the oscillation itself is imposed at the lower boundary. The observed similar behavior in successive phases of the AO is therefore quite consistent with what would be expected if the key dynamics of the AO were purely tropospheric, with the stratosphere responding in an entirely passive way to ßuctuations in tropospheric Rossby wave activity. More generally, it is wrong to argue that the observed fact that stratospheric wind regimes appear before those in the troposphere indicates, of itself, stratospheric inßuence on tropospheric climate. This is not the same thing, of course, as saying that no such inßuence exists. While we have found that wave reßection and remote action via the mean meridional circulation do not play an essential role in the downward migration, they may still produce a quantitatively signiÞcant coupling of the two regions. That the merdional circulation may do so in principle is indicated by the results of piecewise PV inversion of stratospheric PV anomalies [Hartley et al., 1998 ]. In the context of the AO, Black [2002] has shown that the AO signal in stratospheric PV induces zonal wind anomalies in the lower troposphere comparable with those observed. Moreover, numerical experiments by Polvani and Kushner [2002] provide explicit evidence of the potential sensitivity of the surface AO signal to stratospheric conditions. By what mechanism the stratosphere might play a role in the dynamics of the AO, however, remains to be clariÞed.
